Background. Coagulase-negative staphylococci, including Staphylococcus epidermidis, are the most common cause of bloodstream infection in cancer patients. Linezolid resistance is increasingly identified in S. epidermidis, but whether such resistance alters the clinical course of S. epidermidis infections is unknown. The purpose of this study was to assess the clinical impact of linezolid resistance in leukemia patients with S. epidermidis bloodstream infection.
linezolid treatment at the University of Texas MD Anderson Cancer Center from July 1, 2012, to July 22, 2015 . Patients with prior hematopoietic stem cell transplant (HSCT) were included if in relapse at the time of S. epidermidis bacteremia. At our institution, CoNS are not routinely identified to the species level unless laboratory-defined criteria suggestive of true infection (ie, culture positivity from more than 1 blood draw site or >10 colony forming units [CFU] from a single site) are met. To further limit the reporting of contaminated blood cultures, cultures positive for <10 CFU of CoNS from a single site are not reported to the treating providers. CoNS that were not identified to the species level or CoNS species other than S. epidermidis were not included. Linezolid susceptibility was determined via Vitek 2 (bioMérieux, Marcy-L'Étoile, France) with a minimum inhibitory concentration (MIC) >4 µg/mL considered resistant, per current CLSI standards (https://clsi.org/ standards/products/microbiology/documents/m100/); resistant isolates were confirmed by Etest (bioMérieux) per standard protocol in the clinical microbiology laboratory. Twelve isolates were missing data for the confirmatory Etest; these isolates were considered resistant based on prior experience demonstrating 100% concordance between Vitek 2 susceptibility resting and laboratory-confirmed resistance [12] . Patients were identified through microbiology laboratory records, and clinical information was collected from the electronic health record. Patients with more than 1 occurrence of S. epidermidis bacteremia were included only once.
End Points and Study Definitions
The primary end point was a composite of adverse short-term outcomes on day 3 after the index culture, defined as persistent bacteremia (isolation of S. epidermidis from blood ≥3 days after the index culture without an intervening negative blood culture), persistent fever (temperature ≥38°C on day 3), intensive care unit (ICU) admission, or death, each by day 3 following the index culture. Day 3 was chosen as this would approximate the time at which organism identification and susceptibility would be available and would therefore more closely reflect the impact of empiric therapy. As mortality due to this organism was expected to be low, 14-day and 30-day mortality were considered secondary outcomes. Other secondary outcomes consisted of individual components of the composite end point and time to blood culture clearance (ie, first recorded negative blood culture) within 7 days. Assessment of persistent bacteremia and time to blood culture clearance was limited to patients in which at least 1 follow-up blood culture was obtained. Empiric treatment with linezolid was defined as at least 1 dose of linezolid within 1 day of the date the positive index blood culture was obtained. Salvage chemotherapy was considered any chemotherapy administered after failed primary induction, relapsed disease, and/or enrollment in a clinical trial for either of these reasons. Severity of illness was assessed at the time of the index blood culture using the Pitt bacteremia score, a validated scoring system based on mental status, vital signs, requirement for mechanical ventilation, and recent cardiac arrest [14] . This protocol was approved by the Institutional Review Board at MD Anderson Cancer Center with a waiver of informed consent. Data were collected via electronic chart review and stored using Research Electronic Data Capture (Vanderbilt University, Nashville, TN) [15] .
Statistical Analysis
Baseline characteristics were compared using the Wilcoxon rank-sum and Fisher exact tests, with all comparisons made between patients with linezolid-resistant and linezolid-susceptible isolates. After univariate analysis, multivariate Poisson regression with robust variance estimates, adjusting for clinically relevant confounders, was performed for the primary composite end point and persistent bacteremia. Poisson regression was chosen over logistic regression as the dependent variables of interest had incidence rates greater than 10%, invalidating the assumption that the odds ratio approximates the relative risk [16] . No multivariate analyses were performed for other components of the composite end point as these were infrequent and not amenable to multivariate analysis. Fourteenand 30-day mortality and time to clearance of bacteremia were assessed using multivariate Cox proportional hazards modeling and Kaplan-Meier curves. As blood cultures were not obtained on a daily basis for most patients, the first date of a documented negative culture was considered the first negative day for the survival analysis. Patients with no follow-up cultures performed were removed from the time-to-event analysis for clearance of bacteremia. Proportional hazards assumptions were verified by visual assessment of scaled Schoenfeld residuals. All multivariate models were constructed using a backwards stepwise approach, incorporating all variables with a univariate P value of .2 or less and removing those with the largest P value sequentially until only variables with a P value of .2 or less remained. Removal of the central venous catheter (CVC) was not included in multivariate models to avoid adjusting for a downstream consequence of persistent bacteremia. Statistical analyses were performed via STATA v14.1 (StataCorp LP, College Station, TX).
RESULTS

Cohort Characteristics
Eighty-two unique patients (median age, 52 years; range, 39-67; 52% male) were included in the study. Overall, 33 (40%) of S. epidermidis isolates were LRSE, with an MIC 50 and MIC 90 of 2 mcg/mL and ≥256 µg/mL, respectively. Among the 33 resistant isolates, 30/33 (91%) displayed high-level resistance with MICs of ≥256 µg/mL. There were no statistically significant differences in clinical characteristics between patients with linezolid-resistant and linezolid-susceptible isolates (Table 1) , except for neutropenia (absolute neutrophil count <500 cells/ mm 3 ), at the time of first positive blood culture (97% vs 67%, respectively; P = .001) and nosocomial onset (55% vs 29%, respectively; P = .022). The majority of patients had acute myeloid leukemia (62%), followed by acute lymphoblastic leukemia (24%). In general, patients had been extensively treated for their leukemia, with 73% receiving salvage chemotherapy and 29% having previously received an allogeneic hematopoietic stem cell transplant. However, the study population was not acutely ill, as reflected in the low median Pitt bacteremia score (0; interquartile range [IQR], 0-1). Most patients had a CVC (93%), and removal of the CVC within 3 days of bacteremia onset was similarly infrequent among patients with and without linezolid-resistant isolates (17% in each group; P = .987).
Outcomes Assessment
Composite Outcome
Seventy-four patients (90%) had at least 1 follow-up blood culture. Persistent bacteremia was significantly more common among patients with LRSE (41% vs 7%; P = .001) and remained significantly more common after adjustment for confounders (adjusted relative risk [aRR], 3.97; 95% confidence interval [CI], 1.23-12.86; P = .021). No significant differences were observed for other components of the composite end point, including persistent fever (27% vs 24%; P = .801), ICU admission (15% vs 10%; P = .51), and death by day 3 (3% vs 2%; P = 1.000). Overall, the composite end point was significantly more frequent in patients with LRSE as compared with those with linezolid-susceptible bacteremia in univariate analysis (61% vs 33%; P = .023), however, no significant difference was observed after adjustment for other confounders (aRR, 1.46; 95% CI, 0.92-2.32; P = .108). Full Poisson regression models for the composite end point and persistent bacteremia are shown in Tables 2 and 3 .
14-and 30-Day Mortality
All deaths occurred among patients receiving salvage chemotherapy; therefore, mortality analysis was limited to this subgroup (n = 60). A trend toward increased unadjusted and adjusted mortality at day 14 was observed for patients with LRSE vs those without (21% vs 8%; adjusted hazard ratio [aHR], 2.72; 95% CI, 0.43-17.22; P = .287). Thirty-day mortality was higher on univariate analysis for patients with LRSE vs those without (33% vs 10%; P = .021), although this difference was not significant when adjusted for confounders (aHR, 3.01; 95% CI, 0.72-12.69; P = .132). The Kaplan-Meier curve for 30-day mortality is presented in Figure 1 , and the final regression models for 14-and 30-day mortality are presented in Supplementary  Tables 1 and 2 .
Time to Clearance of Bacteremia
The time to first negative blood culture was significantly longer for patients with LRSE bacteremia compared with those without (median, 5 days vs 3 days; log-rank P = .029; hazard ratio [HR], 0.60; 95% CI, 0.41-1.02; P = .053). Linezolid resistance was the only term retained in the backwards stepwise Cox model; therefore, no adjusted analyses were performed. The Kaplan-Meier curve for clearance of bacteremia is presented in Figure 2 .
DISCUSSION
Although linezolid has been widely used for nearly 20 years with few reports of resistance in S. epidermidis, numerous reports of increasing numbers of LRSE in diverse clinical settings have recently been published [8] [9] [10] [11] [12] 17 ] At our hospital, we have found that 40% of S. epidermidis strains causing bacteremia in leukemia patients were linezolid-resistant, which is far higher than previously reported rates [18] . Moreover, our data show that leukemia patients with S. epidermidis bacteremia treated empirically with linezolid had significantly longer durations of bacteremia without increased rates of ICU admission or short-term death when infected with linezolid-resistant vs linezolid-sensitive strains. Although this result may have been expected, it was not inevitable as in vitro susceptibilities do not always correlate with clinical response and S. epidermidis bacteremia may clear in the absence of specific treatment due to low virulence of the organism [19, 20] . Although complications of S. epidermidis bacteremia are relatively rare, S. epidermidis is well described to cause metastatic infections such as vertebral osteomyelitis, infective endocarditis, and prosthetic joint infections, and we have observed multiple such complications in our patients [21] . Due to the uncommon nature of metastatic infections in patients with S. epidermidis, they were not specifically addressed in this study. Thus, further study is needed to assess the long-term implications of prolonged bacteremia with this organism. Previous studies have largely been unable to evaluate the significance of linezolid resistance in S. epidermidis due to the Composite end point: persistent bacteremia, fever, intensive care unit admission, or death within 3 days of index culture.
Abbreviations: AML, acute myeloid leukemia; aRR, adjusted risk ratio; CFU, colony-forming units; CI, confidence interval; CVC, central venous catheter; HSCT, hematopoietic stem cell transplant; LRSE, linezolid-resistant Staphylococcus epidermidis; RR, risk ratio.
low incidence of linezolid-resistant isolates. The largest study to date of linezolid resistance in staphylococci, performed in Italy, demonstrated that hospitalized patients with linezolid-resistant isolates were generally more acutely ill and had higher 30-day mortality in comparison with those with linezolid-sensitive strains, although the impact of empiric therapy was not directly assessed [13] . In contrast, patients in our study were relatively homogeneous with regards to both severity of illness and underlying comorbidities, allowing for a direct assessment of linezolid resistance on clinical outcomes in patients treated empirically with linezolid. In our study, both 14-and 30-day mortality were numerically higher among patients with LRSE; however, neither was statistically significant on adjusted analysis. When viewed alongside the persistent bacteremia experienced by patients with LRSE, S. epidermidis may have played some role in the observed increase in mortality.
We have previously reported that rates of LRSE at our institution correlate directly with linezolid utilization, with 13 defined daily doses (DDDs) per 100 patient-days serving as a potential threshold for the emergence of resistance, and linezolid use in our leukemia service has consistently exceeded this threshold [5] . Furthermore, our group has recently identified that linezolid resistance in our institution is almost exclusively due to clonal spread of CC5 isolates harboring cfr and mutations in the L3 and L4 ribosomal proteins, with selection of linezolid resistance being largely attributable to prior linezolid exposure [12] . Other groups worldwide have also reported the emergence and clonal spread of CC5 isolates in settings where linezolid is commonly used [8, 10, 22, 23] . In light of these data, both infection control and antimicrobial stewardship appear to play an important role in limiting the further spread of LRSE. Thus, given the adverse clinical impact of linezolid resistance in S. epidermidis that we have identified and the potential for S. epidermidis to serve as a reservoir for dissemination of cfr [24] , interventions to limit the emergence of LRSE are warranted. Implementation of an antimicrobial stewardship program designed to optimize the use of linezolid has been shown to decrease the linezolid resistance rate in CoNS by 63%, with no significant impact on patient safety [25] . Other stewardship interventions and infection control measures are supported by current guidelines and may be similarly effective in reducing the use of linezolid and clonal spread of LRSE [26] .
Our study has some limitations, including its retrospective, single-center design. Ideally, prospective studies investigating long-term outcomes in patients with LRSE bacteremia would be performed; however, due to the relative infrequency of these outcomes, such a study is unlikely. As our study was focused on empiric treatment, we did not directly assess the impact of antimicrobial changes or the impact of catheter removal after identification of LRSE. Our inclusion criteria accounted for laboratory-defined criteria for a true infection; however, a full clinical assessment addressing whether these were true S. epidermidis infections was not performed, but the high rates of persistent bacteremia that we observed strongly suggest that the majority of cases actually represented S. epidermidis bacteremia rather than blood culture contamination. Moreover, as all patients were treated with linezolid empirically, it is likely that any selection bias resulting from this inclusion criteria would be minimal. Lastly, centers do not use linezolid as empiric therapy in leukemia patients due to concerns for cytopenias. However, as linezolid resistance is being increasingly reported worldwide, these findings are likely to be applicable to any center with high rates of empiric linezolid use.
CONCLUSIONS
Patients with LRSE bacteremia treated empirically with linezolid have persistent bacteremia and numerically increased mortality when compared with patients with linezolid-susceptible infections. Implementation of an antimicrobial stewardship program to optimize linezolid usage may contribute to reducing the negative clinical impact of linezolid resistance among S. epidermidis.
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